The dielectric and mechanical spectroscopies of acetate of cis-and trans-2-phenyl-5-hydroxymethyl-1,3-dioxane are reported in the frequency domain from 10 −2 to 10 6 Hz. This ester has been selected in this study for its predominant α relaxation with regard to the β relaxation, which can be neglected. This study consists of determining an interconversion algorithm between dielectric and mechanical measurements, given by using a relation between rotational and translational complex viscosities. These important viscosities were obtained from measures of the dielectric complex permittivity and by dynamic mechanical analysis, respectively. The definitions of rotational and translational viscosities were evaluated by means of fractional calculus, by using the fit parameters of the Havriliak-Negami empirical model obtained in the dielectric and mechanical characterization of the α relaxation. This interconversion algorithm is a generalization of the break of the Stokes-Einstein-Debye relationship. It uses a power law with an exponent defined as the shape factor, which modifies the translational viscosity. Two others factors are introduced for the interconversion, a shift factor, which displaces the translational viscosity in the frequency domain, and a scale factor, which makes equal values of the two viscosities. In this paper, the shape factor has been identified as the relation between the slopes of the moduli of the complex viscosities at higher frequency. This is interpreted as the degree of kinetic coupling between the molecular rotation and translational movements. Alternatively, another interconversion algorithm has been expressed by means of dielectric and mechanical moduli.
The dielectric and mechanical spectroscopies of acetate of cis-and trans-2-phenyl-5-hydroxymethyl-1,3-dioxane are reported in the frequency domain from 10 −2 to 10 6 Hz. This ester has been selected in this study for its predominant α relaxation with regard to the β relaxation, which can be neglected. This study consists of determining an interconversion algorithm between dielectric and mechanical measurements, given by using a relation between rotational and translational complex viscosities. These important viscosities were obtained from measures of the dielectric complex permittivity and by dynamic mechanical analysis, respectively. The definitions of rotational and translational viscosities were evaluated by means of fractional calculus, by using the fit parameters of the Havriliak-Negami empirical model obtained in the dielectric and mechanical characterization of the α relaxation. This interconversion algorithm is a generalization of the break of the Stokes-Einstein-Debye relationship. It uses a power law with an exponent defined as the shape factor, which modifies the translational viscosity. Two others factors are introduced for the interconversion, a shift factor, which displaces the translational viscosity in the frequency domain, and a scale factor, which makes equal values of the two viscosities. In this paper, the shape factor has been identified as the relation between the slopes of the moduli of the complex viscosities at higher frequency. This is interpreted as the degree of kinetic coupling between the molecular rotation and translational movements. Alternatively, another interconversion algorithm has been expressed by means of dielectric and mechanical moduli. 
I. INTRODUCTION
A comparison between dielectric and mechanical measurements has been reported by several authors. The first model was given by Germant [1] , and afterwards by Dimarzio and Bishop [2] . They generalized the Debye equation assuming that the viscosity is frequency dependent, and is a complex function [1, 3] 
where ω is the angular frequency, ε ∞ is the unrelaxed permittivity, ε 0 is the relaxed permittivity, η * is the complex viscosity, and
r is the radius of the rotating dipole particles and k B is the Boltzmann constant. The linear viscoelasticity theory relates the complex viscosity to the mechanical modulus (G * ), namely,
By a combination of Eqs. (1) and (2) 
Díaz-Calleja et al. [4] compared the dielectric and mechanical friction of poly(cyclohexyl acrylate). They noted that the Fatuzzo-Mason model [5] gave slightly better agreement than the original DMB model, and they concluded that the dielectric friction is of less importance than the mechanical friction.
Zorn et al. [6] do not quantitatively confirm the DMB equation in the analysis of a series of polybutadienes. The authors say that the DMB equation always predicts a narrower loss peak than is observed in the dielectric data. Several reasons have been given for this difference between the dielectric data and the DMB equation: (1) there is no distribution in the effective sphere radii, (2) neither an electrical nor a mechanical coupling of the individual dipoles is included, and (3) there is no anisotropy if the dipolar units or their local environment are taken into account.
Ferri and Castellani [7] used the DMB equation to compare dielectric and mechanical measurements of styrene-based copolymers. These authors concluded that these measurements are sensitive to different time and length scales, and that there is a scaling property of the mechanical and dielectric segmental relaxation processes.
Niss, Jakobsen, and Olsen [8] tested and reformulated the DMB equation for several glass-forming liquids. They relate the induced polarizability to the refractive index through the Clausius-Mossotti approximation, that is, ε ∞ = n 2 . This reformulated DMB equation does not diverge to infinity at high frequency. Therefore, a comparison of the reformulated DMB equation is qualitative and predicts a number of relations between shear and dielectric relaxation spectra. The authors suggest that the DMB model is a simplified one, but somewhat describes the relation between the dielectric permittivity and shear moduli.
Christensen and Olsen [9] proposed a different formulation of the DMB equation in terms of the dielectric modulus G * e , which is the inverse of the dielectric susceptibility. The proposed comparison of these authors uses the equality of the normalized dielectric (G * e ) and mechanical (G * s ) moduli. These normalized moduli are identical in shape, but with different loss peak frequencies. The authors found that the separation between the peak frequency of G * s and that of G * e is independent of temperature. The plan of this paper is as follows: (1) The α relaxations of dielectric and mechanical measurements for the acetate of cisand trans-2-phenyl-5-hydroxymethyl-1,3-dioxane (PHMD) have been characterized by means of the Havriliak-Negami (HN) equations for PHMD, where α relaxation is predominant and the secondary relaxations may be negligible. (2) The definition of dynamic rotational and translational viscosities has also been revised. (3) The interconversion algorithm for dynamic viscosities has been defined and used for PHMD. (4) A rotational modulus has been defined by means of the fractional time derivate for non-Newtonian behavior. (5) The interconversion algorithm has been defined in terms of rotational and shear moduli.
II. GENERAL BACKGROUND
Previous to this paper, we made a contribution for interconversion between mechanical and dielectric measurements using the definitions of rotational and translational viscosities [10] . The redefinition of the rotational and translational viscosities was done using fractional calculus. These two viscosities are related to a fractional Stokes-Einstein-Debye (FSED) equation. The interconversion was done using the Havriliak-Negami empirical model for α relaxation characterization. Then the interconversion between dielectric and mechanical measurements was formulated in terms of a power law relation between those viscosities with three interconversion parameters, namely, a scale factor (B), a shape factor (ξ ), and a shift factor (δ):
This relation between viscosities is a dynamic generalization of the Stokes-Einstein-Debye (SED) equation. In fact, the SED equation is based on the diffusion of a tracer particle which is dependent on the shear viscosity. This equality is adequate for spherical particles of any radius rotating in a Newtonian fluid. However, for dipoles of the same size as the molecular fluid particles in a viscoelastic fluid, as in the case of a supercooled liquid under nonergodic conditions, the SED relation breaks down. This effect has been recognized as the decoupling of translational diffusion and the rotational motion of dipoles in dielectric relaxation, as a consequence of the dynamic heterogeneity [11] [12] [13] [14] . Therefore, this decoupling modifies the SED relationship and the equality of the rotational and translational viscosities.
Furthermore, taking into account Eq. (4), the relationship between the modulus and phase angle of the rotational and translational viscosities can be written as follows:
These two equations are used to relate the dielectric and mechanical experimental measurements. The interconversion algorithm is applied in all frequency range.
A. Definition of rotational viscosity
The rotational viscosity was defined [10] by using the generalization of the DMB equation based on the use of a fractional Fokker-Planck equation; where a Cole-Cole-like equation is obtained as a fractional-power rotational viscosity in a natural way. Therefore, the generalized rotational viscosity [η * rot (ω)] could be defined in terms of the following relation:
where A is the same parameter given in Eq. (1). The parameter a might be chosen in such a way that the real and imaginary parts of the rotational viscosity show divergence. This value of a corresponds to the slope of the loss permittivity at lower frequency. The definition of rotational viscosity is according to that obtained by Nee and Zwanzig [15] based on the fluctuation-dissipation theorem with η * rot (ω) proportional to the dielectric friction. They considered a rotational spherical molecule in a molecular environment acted on by a definite torque produced by the external electric field. In particular, Nee and Zwanzig's approach showed the nature of the rotational viscosity related to the opposition to rotation when a torque is acting on the dipole. So this frictional quantity is a microscopic one and in the macroscopic theory is given in a statistical sense; the rotational viscosity cannot be experimentally observed.
B. Definition of translational viscosity
The generalized translational viscosity can be defined using the Laplace transform of the fractional time derivative [10] . In this case, the viscoelastic definition of translational viscosity using the fractional time derivative is
where K trans is a constant with dimension [s c-1 ] and is taken equal to 1 for the sake of simplicity. c is a parameter that should be chosen such that the real part of the translational viscosity does not show any divergence at lower frequency. The Laplace transform of Eq. (7) is
where the translational viscosity has the dimension [Pa s]. 
III. EXPERIMENTAL PART
The PHMD was prepared as previously reported [16] . The glass transition temperature of PHMD was measured with a TA Q-10, differential scanning calorimetry (DSC) apparatus at a heating rate of 10 K/min. Taking T g as the temperature corresponding to the middle point of the glass-liquid endotherm of the second scan, the value of the quantity was 225 K.
The dielectric and mechanical measurements of PHMD were done at IMFUFA, Roskilde University Center, Denmark. The shear measurements were performed by using the piezoelectric shear modulus gauge (PSG) method. In the PSG method the modulus is obtained from measurements of the capacitance of the empty and the loaded gauge, a transducer based on piezoelectric plates [17] . Capacitances were measured with an HP 3458A multimeter in the range of 10 −2 to 10 2 Hz and an Agilent 4284A LCR meter in the range of 10 2 to 10 6 Hz. The temperature was controlled by a home-built nitrogen-cooled cryostat [17] . The dielectric and mechanical measurements were measured in the same cryostat. The range of temperature was from 218 to 240 K in isothermal conditions with 2 K steps.
A. Experimental results of dielectric characterization
The dielectric permittivity and loss for the PHMD are shown in Fig. 1 , where the important α relaxation can be observed, secondary relaxations are present as shoulders at higher frequency, and the conductivity contribution shows in the loss permittivity at lower frequency. The conductive contribution is separated from the loss permittivity by use of a hopping model [18] [19] [20] , namely,
where σ dc is the dc conductivity, ε vac is the permittivity of the vacuum (ε vac = 8.854 188 × 10 −12 F/m) and ω is the angular frequency. The s exponents of PHMD are close to unity for all temperatures analyzed. The α relaxation without the conductive contribution was analyzed via the HN equation [21] :
where ε ∞ is the unrelaxed permittivity, ε = ε 0 − ε ∞ is the strength of the relaxation, ε 0 is the relaxed permittivity 
B. Experimental results of mechanical characterization
The storage and loss shear moduli are shown in Fig. 2 . The frequency range in this figure is from 10 −2 to 10 4 Hz. The storage and loss shear moduli from 10 4 to 10 5 Hz are not represented because the noise is bigger than the mechanical measurement. In this figure two relaxation processes can be observed: an α relaxation corresponding to the glass transition, and secondary relaxation, which appears as a shoulder at high frequency.
In order to characterize and analyze the mechanical spectra an HN-type equation was used:
where G 0 and G ∞ are the relaxed and unrelaxed moduli, respectively, G ∞ − G 0 is the strength of the mechanical relaxation, c H N and d are two parameters related to the shape 
IV. RELATION BETWEEN VISCOSITIES: THE INTERCONVERSION ALGORITHM
The procedure for establishing the interconversion was to consider the modulus and phase angle of the complex viscosities. The interconversion algorithm applied to PHMD and the interconversion parameters were determined. The rotational modulus was defined and characterized by an HN-type equation. Finally, the interconversion algorithm was defined in terms of rotational and shear moduli.
A. Determination of the rotational viscosity
In our approach, the rotational viscosity can be expressed in terms of the dielectric permittivity [see Eq. (6)]. The parameter a should be chosen by fitting, in such a way that the real and imaginary parts of the rotational modulus do not show any divergence. The parameter a is the slope of the loss permittivity and coincides with the a H N shape parameter in the HN equation [Eq. (9)] (a = a H N ), because of the requirement for consistency at the low-frequency limit. The rotational viscosity can be expressed in terms of HN parameters by a combination of Eqs. (6) and (10), namely,
The modulus and phase angle of rotational viscosity are shown in Fig. 3 . The modulus of rotational viscosity is constant at lower frequencies until a turning point is reached whereit linearly decreases on a logarithmic scale. The rotational phase angle is zero at lower frequency, presents an inflection point, and eventually grows to a constant value(0.7 ± 0.1 rad)
The frequency of the inflection point increases with the temperature.
B. Determination of the translational viscosity
The translational viscosity can be expressed in terms of HN parameters by a combination of Eqs. (8) and (11):
Note that K trans in Eq. (8) is taken equal to 1 for the sake of simplicity and the G ∞ − G 0 ≈ G ∞ approximation was used. The parameter c should be chosen by fitting in such a way that the real and imaginary parts of the translational modulus do not show any divergence. Note that c and c H N are the same parameter (c = c H N ), because of the requirement for consistency at the low-frequency limit.
The evaluated modulus and phase angle of translational viscosity from Eq. (13) are given in Fig. 4 . The form of the translational viscosity is very similar to that of the rotational viscosity. The modulus of the translational viscosity is constant at lower frequency until a turning pointis reached. The plateau of the modulus of translational viscosity decreases with temperature, whereas the turning point increases with temperature. The modulus of the translational viscosity linearly decreases on a logarithmic scale at higher frequency. On the other hand, the translational phase angle is zero at lower frequency until an inflection point, where it increases to a constant value (1.1-1.4 rad). At this point, it is convenient to emphasize that the slope of the modulus of viscosity at a higher frequency and the turning point are different for rotational and translational viscosity.
C. Interconversion algorithm for the relationship between the two viscosities
A special case of Eq. (4) is the static situation, where the dynamic viscosities become static. In this case, the shift factor 042307-4 is eliminated; the interconversion algorithm becomes η rot (0) = Bη trans (0) ξ (14) and only two parameters are necessary to relate the static viscosities. This expression corresponds to the FSED relation [22] , where the moduli of the viscosities are exponential, decreasing at a higher frequency, and can be expressed by means of the following equations: 
The interconversion algorithm at higher frequency can be expressed in the following way, according to Eq. (5a):
that is, B The exponential factor ξ can be determined via the expression ξ = n rot n trans (18) and the preexponential parameter B via
The preexponential factor B, by a combination of Eqs. (14) and (18) , can also be expressed in term of static viscosities as follows:
Furthermore, the shift factor can be expressed by a combination of Eqs. (19) and (20) 
The interconversion parameters determined using Eqs. (18), (20) , and (21) non-Newtonian behavior as follows:
By taking the Laplace transform of this equation, the rotational modulus can be expressed by
where K rot is a constant with dimension [s n−1 ], and is set equal to 1 for the sake of simplicity. n is a parameter that should be chosen in such a way that the real and imaginary parts of the rotational modulus do not show any divergence. As for the case of translation viscosity, the value of n is the HN shape parameter for the rotational modulus, that is, n = e [see Eq. (26)]. The rotational modulus has the dimension [Pa], as a typical modulus:
The rotational modulus can be expressed in terms of HN parameters by a combination of Eqs. (12) and (24) . The rotational modulus is shown in Fig. 6 . The product of A and G rot is dimensionless:
The rotational modulus can be expressed by a mechanical HN-type equation, which has also been characterized using the shear modulus:
where G rot (0) and G rot (∞) are the relaxed and unrelaxed moduli, respectively, G rot = G rot (∞) − G rot (0) is the strength of the rotational modulus, e and f are two parameters related to the shape and skewness of the Argand plot, and τ G rot is the characteristic time. According to our results, (i) the product of A and the strength of the rotational The interconversion algorithm can be expressed in terms of the moduli by a combination of Eqs. (4), (8), and (24):
Note that the term with the exponential of iω diverges to infinity when the exponent is positive, and tends to zero when the exponent is negative. The rotational modulus cannot diverge to infinity or tend to zero at infinite frequency. Then (iω) (e−cξ ) must be 1, and consequently the exponent is zero, e − cξ = 0, which can be numerically verified (see the Appendix). Therefore, the interconversion algorithm in terms of the moduli is
where M = ABK rot /δ cξ K ξ trans is a scale factor. The relationship between rotational and shear moduli is similar to the relationship between the rotational and translational viscosities.
In order to check Eq. (28), we determine that the shear modulus was obtained by dielectric measurement, and this modulus was compared with the shear modulus. The M scale factor is calculated by a simple horizontal shift of the real and imaginary parts of the rotational modulus. The values of the real and imaginary shear modulis evaluated from dielectric data and obtained from experimental mechanical measurements are very similar, as can be seen in Fig. 7 . 
V. SUMMARY AND CONCLUSIONS
The dielectric and mechanical characterization of PHMD were obtained by special equipment for consecutive measurements. This substance is an interesting glass-forming liquid, since the α relaxation is very dominant compared to secondary relaxations that allow data parametrization using the HN equation.
The comparison between dielectric and mechanical measurements for α relaxation of PHMD has been carried out by means of an algorithm reported elsewhere [10] , by using a relation between rotational and translational complex viscosities. In particular, this relation has three parameters that are related to a scale factor (B), a shape factor (ξ ), and a horizontal shift (δ). The scale factor corresponds to different magnitudes of dielectric and mechanical measurements. The shape factor is an exponent that takes into account the kinetic differences of the two viscosities. The horizontal shift is indicative of a delay time between molecular rotational and translational motions (they are out of phase).
The most valuable physical interpretation lies in the structure factor (ξ ), since it represents the breakdown of the SED relation. In addition, the physical interpretation of this parameter is the decoupling of rotational and translation molecular motions. When the shape factor is equal to 1, it represents that the two motions are totally coupled or they produce the same result in each viscosity. On the other hand, when the shape factor is equal to zero it indicates that the motions are totally decoupled, they are independent of each other, and in the present algorithm there is no interconversion between them, as is the case for β relaxation.
For PHMD, the shape factor is independent of temperature, and is about 0.54 ± 0.02, and the rotational and translation molecular motions are partially decoupled. This effect can be explained by dynamical heterogeneity. In fact, there are different dynamical heterogeneities for the translational andf rotational motions, which produces multiple relaxation times involving groups of molecules with different mobilities, slower or faster [24] . The superposition of the two heterogeneities causes the breakdown of the SED relation. In the present algorithm, this factor is expressed as a ratio of the exponents of the frequency dependence of the modulus of each viscosity in the wing of high frequencies, as is given in Eq. (18) . According to our results, the shape factor also can be given by ξ = e/c, where e and c are the fractional exponent of iω in the relationship of the complex viscosity and the electric and mechanical complex modulus, respectively. Thus, the breakdown of the SED is associated with the nonlinear viscoelastic relationship as is given in Eqs. (8) and (24) .
Finally, an alternative interconversion algorithm was established in this paper, using dielectric and mechanical moduli. In fact, starting from the relationship of the viscosities, a relation between the shear modulus and the electric or rotational modulus was obtained.
The interconversion algorithm as proposed here, for dielectric and mechanical measurements, has a high compatibility between estimated results and the experimental data in a broad interval of frequency.
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